Abstract-This paper describes the implementation of a simple, robust and cost-effective sensorless control technique for PMSM machines. The method uses stator current derivative measurements made in response to certain PWM vectors. In this work the derivatives are created from measurements made with standard hall-effect sensors (at the start and end of switching vectors), meaning that specialist transducers, such as Rogowski Coils, are not required. However, under narrow PWM vectors high frequency (HF) oscillations can disrupt the current and current derivative responses. In previous work, the time that PWM vectors were applied to the machine for was extended to a threshold known as the minimum pulse width (tmin) in order to allow the HF oscillations to decay and a derivative measurement to be obtained. This introduces additional distortion to the motor current. It is shown here that an artificial neural network can be used to estimate derivatives using measurements from a standard current sensor before the HF oscillations have fully decayed, thus permitting a reduction of the minimum pulse width (and associated distortion).
I. INTRODUCTION
A long term aim for high performance AC drive systems has been to remove the shaft mounted encoder and estimate the shaft position from motor terminal quantities. Approaches based on mathematical models of the machine can work very well at higher speed but fail at low and zero speed as essential information becomes buried in noise due to low SNR. Various methods have been proposed which inject high frequency sinusoidal or other shaped waveforms to excite saliency responses [1] [2] [3] , but these introduce additional torque ripple and acoustic noise. Similar issues arise if test pulses are used (e.g. the INFORM method [5] ).
The PWM current derivative (PCD) technique is a saliency tracking technique which uses voltage pulses applied under normal PWM operation as test pulses [6, 7] , thus no additional high frequency (HF) signals or test pulses are required. The main drawbacks are that a) specialist current derivative sensors are usually required [8, 9] which are expensive and an additional complexity, and b) a minimum vector/pulse width is required to allow HF oscillations due to parasitic capacitances to decay before a derivative measurement can be made [10] . This paper introduces techniques which address both of these drawbacks. The aim is to create a low-cost sensorless drive which can provide high (and controlled) starting torque, and can control loads at low speed. The techniques are demonstrated on an industrial drive system where the inertia of the load system limits the transient response that can be achieved by the speed controller. Additional limitations due to processing delays incurred by the proposed method are highlighted and potential solutions to enable faster speed control for the sensorless system are suggested. An artificial neural network approach for estimating current derivatives from standard current measurements contaminated with high frequency oscillations is also described. This eliminates the need to wait for HF oscillations to fully decay before taking a current derivative measurement, thus allowing a significant reduction in the minimum pulse width to be achieved.
II. THE PWM CURRENT DERIVATIVE (PCD) TECHNIQUE
The PWM current derivative (PCD) technique uses the standard voltage vectors associated with SVPWM as test pulses [6, 7] . Measurements of the current derivative under certain PWM active and null vectors are used to calculate position scalars, Pa, Pb and Pc [6, 7, 11] . The position scalars allow the position vector components, P , to be calculated from (1) and (2) . The rotor position, , can then be estimated from (3), where 'n' is the number saliency cycles per revolution [6, 7] .
Following inverter switching, high frequency oscillations exist in the current and current derivative waveforms which prevent immediate and accurate measurement of the derivative. For part of the work described here, measurement of the derivative has been delayed until these HF oscillations have decayed, meaning that all PWM vectors (under which a derivative measurement is required) have to be applied for an amount of time (the minimum pulse width) sufficient to allow the high frequency oscillations to decay and a derivative measurement to be made [6, 7, 9, 11] . This often involves PWM vector extension (when vectors are less than the minimum pulse width) and subsequent compensation [10] , the side effects of which include current distortion, audible noise, torque ripple, vibration and heating. It will be shown later in the paper that by estimating the derivative before the HF oscillations have decayed, that the minimum pulse width and its associated side effects can be reduced.
In an attempt to address the minimum pulse width problem oversampling techniques have previously been applied to extract the derivative from HF contaminated responses in a reduced time. In [9, 11, 12] the derivative response from a dedicated derivative sensor was oversampled and signalprocessing was subsequently applied to the response to extract the derivative. The use of standard current sensors was investigated but the length of time required to allow a measureable change in the phase current gradient to occur was found to be excessive. In [13] a recursive least squares curve fit was applied to oversampled current transients. Only offline implementation was discussed and a very high bandwidth current sensor (10MHz) was used. Limited sensor bandwidth and inverter non-linearity would present major problems for both methods.
In this work, a simple method was used for estimating the current derivative. The current derivative is calculated using two current samples obtained over a fixed time window. The first current sample is taken immediately before switching. The second current sample is taken after a fixed time length which allows the high frequency oscillations in the current caused by switching to die down. The method requires that the PWM minimum pulse width be extended, which in turn introduces the undesirable side effects discussed previously (audible noise, torque ripple etc). Through experimental investigation it was found that a 17μs minimum pulse width was sufficient to enable accurate estimation of the derivatives without adding excessive noise to the system.
III. CONTROL IMPLEMENTATION FOR THE SENSORLESS SYSTEM
The angle and speed information are obtained as illustrated in Fig. 1 . Derivatives are first estimated inside an FPGA, this is because the Artificial Neural Network (ANN) approach (discussed later) required high frequency sampling (62.5MSPS) of the current waveform, an FPGA represented the simplest way of achieving this. Raw current derivatives are then passed to a common mode filter also implemented in the FPGA. A look-up table then translates the derivatives into position scalars, Pabc. From these, position vectors, P , are calculated according to (1) and (2) . These are then passed to a separate DSP where they are first low pass filtered and then supplied to a mechanical observer used to track the saliency angle e, and extract speed information, r, from the position vector [6] . pp is the number of machine pole pairs.
Despite it being possible to use the observed angle directly for orientation, a significant amount of noise and harmonics are present in the observed speed signal, which renders it unsuitable for closed loop speed control. Therefore the Fig. 2 . Low pass filtering removes high frequency noise from speed estimates but also introduces a phase delay as illustrated. A number of cut-off frequencies were tested. Fig. 3 . Speed transient response when 3Hz low pass filter is used Fig. 1 . Block diagram of the sensorless signal processing [4] captured speed signal is passed to a first order digital low pass filter. As illustrated in Fig. 2 , the low pass filter also introduces a large phase delay to the observed speed signal especially when the cut-off frequency is low. This causes the speed loop to be slightly under-damped in sensorless operation. After extensive experimentation, the cut off frequency of the filter was selected to be 3Hz to balance the noise and phase shift whilst offering reasonable performance as illustrated in Fig 3. 
IV. EXPERIMENTAL SYSTEM
The experimental system, illustrated in Fig. 4 , consists of a permanent magnet (PM) motor drive coupled to a DC machine and commercial DC drive which provides loading. The parameters of the PM machine are given in Table. 1. The PM drive consists of a two level voltage source inverter and 3.82 kW surface mounted permanent magnet machine controlled by a DSP/FPGA platform. A shaft mounted encoder provides a rotor position measurement. The derivative estimation is implemented on a separate Altera FPGA. The bandwidth of the speed controller in sensored mode is selected to be 2.5Hz, it is limited by the large inertia of the system as well as limited current loop bandwidth caused by extended PWM pulse widths. However in order to provide good performance under sensorless speed control, the bandwidth of the speed controller is further reduced to be 1Hz, given the system's ability to reject noise in the sensorless estimated speed is limited. A block diagram of the control scheme used is given in Fig 5. Fig. 6 shows the zero speed performance of the sensorless system in response to full load step changes. The rotor angle and shaft speed are estimated using the sensorless PCD technique with derivatives estimated using two phase current measurements. The system responds according to its design and is stable, returning to its set speed within 0.5s. The speed overshoot is determined by the slow disturbance rejection bandwidth of the control system itself which has been limited by the inertia of the complete system. Similarly Fig. 7 shows the ability of the drive to maintain constant low speed (1 Hz) under load and recover quickly from full load transients. The key points to note here are that a fully functional zero and low speed sensorless drive has been created by utilising relatively crude estimates of current derivatives obtained using standard hall-effect devices. Fig. 8 shows the system response to a step change in speed when the drive is fully loaded. Again a stable and predictable performance is achieved. 
V. EXPERIMENTAL RESULTS

A. Sensorless Speed Control
B. Reducing Audible Noise and Vibration
Reducing the audible noise and vibration associated with the PCD approach is a key objective for this work. The audible noise associated with the basic drive has been measured using a Brüel & Kjaer Type 2236 sound level meter for various minimum vector times (at a 5 kHz switching frequency) and is shown in Fig. 9 . It can be seen that a significant reduction in audible noise can be achieved if the minimum pulse time can be reduced to below 5μs.
In order to permit the use of a shorter minimum vector time and still apply the same sensorless position estimation approach, the current derivatives must be measured or estimated in a reduced time. This can be achieved by using a feedforward ANN trained to associate the initial transient current responses with steady state current derivatives. Training of the ANN is achieved offline through the backpropagation algorithm. Training data is required and is captured during a pre-commissioning routine where the machine is operated with a large (20μs) minimum pulse width applied to the first and second active vectors in the first and second halves of the PWM period respectively. Null vectors were found to be sufficient in duration and hence did not require modification. The current response to the applied PWM vectors is sampled at high speed (62.5MSPS) to capture the high frequency transient current response to a reasonable resolution and a large section of the steady state response after the HF oscillations have decayed.
Once a large number of these transients have been collected, a least squares curve fit (according to y=mx+c) is applied to the steady state part of each current response to obtain the derivative which can be used as target data. For each derivative, the first 2μs of the corresponding transient current response is stored as the training data. Details of the training method are further discussed in [14] . Provided the ANN configuration is saved, the pre-commissioning routine is required only once for a given motor drive setup.
An example of the performance of the ANN for derivative estimation is illustrated in Fig 10 where ANN derivative estimates are compared with derivative measurements obtained directly from a derivative sensor. Using the ANN approach the minimum pulse width was reduced from 17μs to 2μs. The reduction in the torque ripple could not be measured directly on the experimental setup available, but an indication is given in Fig 11 which shows measurements of the vibration experienced on the motor's stator casing when minimum pulse widths of 2μs and 18μs are used. The number of vibration modes increases significantly when the larger minimum pulse width is used.
VI. CONCLUSION
This paper has described the implementation a sensorless control method which uses current derivatives obtained indirectly using standard hall-effect current sensors. The experimental results show that this rather crude approach to estimating current derivatives still provides good torque production and controllability of the shaft speed in response to full load torque step changes. Disturbances in the estimated rotor position angle mean that the speed estimate derived from the sensorless technique cannot be used directly and instead must first be filtered. The addition of a filter limits the dynamic response of the system. If the disturbances in the rotor angle estimate could be reduced, the filtering requirement could be reduced or removed completely.
To allow the sensorless PCD method to operate with measurements made under narrow minimum pulse widths (2μs) using standard Hall Effect current sensors, a method for estimating derivatives using an artificial neural network supplied with current measurements was presented. It was shown that this method can estimate derivatives successfully under narrow pulse widths. Also, reducing the minimum pulse width measurably reduces the audible noise and vibration experienced in around the drive.
